Photonuclear reactions with bremsstrahlung photon beams from electron linacs can generate radioisotopes of critical interest. An SRF Energy Recovery Linac (ERL) provides a path to a more diverse and reliable domestic supply of short-lived, high-value, high-demand isotopes in a more compact footprint and at a lower cost than those produced by conventional reactor or ion accelerator methods. Use of an ERL enables increased energy efficiency of the complex through energy recovery of the "waste" electron beam, high electron currents for high production yields, and reduced neutron production and shielding activation at beam dump components. Simulation studies using G4Beamline/GEANT4 and MCNP6 through MuSim, as well as other simulation codes, are being used to design an ERL-based isotope production facility utilizing bremsstrahlung photon beams from an electron linac. Key concepts of our approach include the use of a thin photon radiator, a focus on isotopes requiring high energy thresholds for photoproduction, and a novel approach to optical aberration corrections.
INTRODUCTION
A domestic supply of high-demand, high-value radioisotopes is crucial to a wide range of applications including medical imaging and radiotherapy. Photonuclear reactions using bremsstrahlung photon beams from electron linacs can generate isotopes of critical interest. A conventional straight-through electron linac typically suffers from low wall-plug power efficiency, as the majority of the beam energy does not contribute to photon production and must be absorbed at a beam dump. An SRF Energy Recovery Linac (ERL) has the potential for improved power efficiency in a more compact footprint than a conventional electron linac by recycling more than 90% of the beam power. The energy of the waste electron beam at the beam dump can be lower than the threshold for neutron production and activation of shielding components, reducing both complexity and cost of the isotope production complex. A schematic of an ERL-based isotope production facility is shown in Figure 1 . Electrons generate bremsstrahlung photons in a photon radiator, and the spent beam is recirculated back to the RF cavities for energy recovery. A key feature of this design is the spatial separation of the photon radiator and the isotope production target; the spent beam (post-interaction with the photon radiator) is bent away from the isotope production target. The photon yield and flux depend primarily on the electron beam energy and thickness of the radiator material. Beam energies on the order of 100 MeV give reasonable yields of photons with energies above E γ > 40 MeV, allowing for production of radioisotopes via photonuclear reactions with higher threshold energies. For a conventional electron linac, the radiator thickness can be optimized for maximum photon yield, and quality of the spent electron beam is less of a concern. This leads to large power consumption with the high beam currents necessary to obtain reasonable flux values. Energy recovery allows for the use of even higher beam currents, but also places constraints on the allowable transverse angular spread and energy spread in the spent beam. A robust ERL design requires a balance between the photon yield and the energy recoverability of the spent electron beam. We describe the design parameters and methodology used for an ERL-based isotope production complex that are consistent with improved power efficiency, reasonable photon flux, and maximal energy recoverability.
PHOTON RADIATOR CONSIDERATIONS
The thickness of the radiator material is a key component of this ERL. Sample yield curves for different photon energy thresholds and radiator thicknesses are shown in Figure 2 for a 100 MeV electron beam incident on a lead-bismuth eutectic (LBE) radiator. In the ERL design, the radiator thickness must be much thinner than the optimal value for maximum photon yield to maintain recoverable beam quality.
The RMS angular spread induced in the spent electron beam due to multiple scattering is given by:
where E is the beam energy in MeV, w is the radiator thickness, and X 0 is the radiation length of the scattering material. Practical limits on the induced angular spread depend on the allowable beam size in the downstream optics, constraining the thickness of the radiator material. For incident beam energy of 100 MeV, reasonable radiator thicknesses are of the order of a few percent of a radiation length.
The induced energy spread in the spent beam also depends on radiator thickness. For small thicknesses of a few percent of a radiation length, the total beam energy loss is commensurate with the radiator thickness; a 3% radiator results in 3% average beam energy loss. This average energy loss is integrated over the entire electron energy distribution, however, and the peak of the distribution is skewed towards higher energies that are more favorable for energy recovery. For 100 MeV/c electrons passing through a 3.5% (250 µm) LBE radiator, the average momentum of surviving electrons is 96.4 MeV/c, but the distribution peaks at 99.8 MeV/c with a full width at half maximum (FWHM) of ~0.1 MeV/c. This 3.5% energy spread itself is compatible with ERL operation; the JLab FEL has demonstrated energy recovery with momentum acceptance of 10%. However, the large induced angular spread will also need to be taken into account for energy recoverability. 
MUSIM SIMULATION RESULTS
Interaction of the incident electron beam with the photon radiator material was simulated using G4Beamline/GEANT4 via MuSim [1] . Figure 3 shows a 3D render of the simulation setup for the beamradiator interaction. The linear optics upstream of the radiator was designed to obtain an electron beam waist at the radiator position. The beam parameters simulated are as follows: initial beam size 10 µm, beam current 10 mA, 3.5% (250 µm) LBE radiator, initial momentum 100 MeV/c. These parameters give a projected RMS angular spread in the spent electron beam of 20 mrad, resulting in a post-radiator geometric emittance of 200 nm. Figure 4 shows the polar angle vs. longitudinal momentum of the spent electron beam. Assuming acceptable angular acceptance of ±100 mrad (projected) and momentum acceptance of 15%, the energy recoverable fraction of the beam is 93% and is highlighted in blue in Figure 4 . Photon yields and flux values obtained from the electron beam interaction with the photon radiator are given in Table 1 for several photon energy ranges. The flux calculation counts all photons that are incident on a 1 cm diameter disk that is 1 m downstream of the radiator. The specific activity obtainable will depend on the particular isotope of interest and will be further explored. The generated photons are forward-directed, contributing favorably to the photon flux. 
POST-RADIATOR BEAM CONTROL
Proper transport and control of the spent electron beam is critical to a robust ERL design. Proper control begins with the optimization of beam parameters at the radiator, as described in the previous sections, and continues with nonlinear optics design to compensate for spherical and chromatic aberrations in the nearest downstream quadrupoles that will degrade the beam quality. Figure 5 shows the linear optics design of the beamline section immediately following the radiator. The beam is rapidly diverging after the radiator interaction and is focused by a set of four alternating quadrupoles. In the current design, the quadrupoles are 10 cm long and have a maximum field gradient of about 30 T/m at 100 MeV.
The effect of quadrupole spherical aberrations is investigated using Elegant [2] . A beam of 10 4 particles with 3 rms = 60 mrad uniform angular spread, 3 = 30 m uniform transverse coordinate spread and no momentum spread p/p =0 is tracked from the radiator to an observation point downstream as illustrated in Figure 5 . The momentum spread is set to zero to decouple the geometric and chromatic aberrations. The resulting transverse phase space distributions are shown in Figure 6 . The tails of the final distributions appear insignificant but, if left uncompensated, will lead to filamentation and smearing over the phase space ellipses shown in Figure 6 , leading to beam loss and difficulties with collimation. The spherical aberration components can be compensated by a set of three octupoles. The octupole strengths are optimized to reduce the beam smear at the observation point. This compensation technique is effective and the result of the optimization is shown in Figure 6 in red.
Chromatic effects are simulated by including momentum spread in the previous simulation. As in the earlier simulation, the initial beam size is 30 m, the angular spread is 60 mrad and a uniform momentum spread 3% is now included. The resulting transverse phase space distributions are shown in Figure 7 in black. Chromatic compensation is clearly needed and the approach taken is similar to compensation of the nonlinear impact of a final focusing triplet in a collider. This is achieved using a local chromaticity compensation block (CCB) [3] , which is inserted in the beamline following the linear matching section shown in Figure 5 . In the CCB, the dispersion creates a position-momentum correlation inside sextupoles, which then cancel the chromatic kick of the large-beta quadrupoles. Transverse beam phase space distributions before and after the chromatic and octupole compensations are shown in Figure  7 in red. While the compensation techniques employed here demonstrate good phase space control of the spent beam, further optimization is necessary and will be undertaken to fully meet the acceptance limits for maximum energy recoverability. 
DISCUSSION
The first simulation results obtained using G4Beamline/MuSim, as well as Elegant, define a set of parameters that are consistent with energy recoverability while providing reasonable photon yields. These parameters are also chosen such that for the same number of high energy photons generated, the ERL has the potential for a factor of 3 gain in energy efficiency over a conventional linac with a thick radiator. The ratio of beam powers required is given by
where Y ERL and Y conv are the respective photon yields, t ERL and t conv are the radiator thicknesses, R is the recovered beam fraction, and V dump and V conv are the beam energies at the dump and at the end of the conventional linac, respectively. Using reasonable assumptions of Y ERL /Y conv = 2.7, t ERL = 0.25 mm, t conv = 6 mm, R = 0.93, V dump = 3 MeV, and V conv = 100 MeV, the ratio P ERL /P conv  0.29. Thus increased power efficiency is achieved, and optimization for maximal energy recoverability remains. The nonlinear compensation techniques in particular will benefit from optimization; the results presented here demonstrate good progress in the control of the spent electron beam but optimization has not yet been performed.
